ABSTRACT Many intrinsically disordered proteins (IDPs) are significantly unstructured under physiological conditions. A number of these IDPs have been shown to undergo coupled folding and binding reactions whereby they can gain structure upon association with an appropriate partner protein. In general, these systems display weaker binding affinities than do systems with association between completely structured domains, with micromolar K d values appearing typical. One such system is the association between a-and b-spectrin, where two partially structured, incomplete domains associate to form a fully structured, three-helix bundle, the spectrin tetramerization domain. Here, we use this model system to demonstrate a method for fitting association and dissociation kinetic traces where, using typical biophysical concentrations, the association reactions are expected to be highly reversible. We elucidate the unusually slow, two-state kinetics of spectrin assembly in solution. The advantages of studying kinetics in this regime include the potential for gaining equilibrium constants as well as rate constants, and for performing experiments with low protein concentrations. We suggest that this approach would be particularly appropriate for high-throughput mutational analysis of two-state reversible binding processes.
INTRODUCTION
The association and dissociation of protein complexes is of enormous biological significance, especially because most proteins exist in such forms in vivo, with monomers accounting for only 19% of proteins in Escherichia coli (1) . The study of protein-protein association kinetics initially focused on interactions between folded, fully structured proteins. However, more recently, there has been increasing interest in association of intrinsically disordered proteins (IDPs), proteins that are largely unstructured in the unbound state and that form structure only upon binding another protein (2) (3) (4) . These coupled folding and binding reactions are predicted to be widespread in biology (5) , with important examples found in signaling (3), transcription (6) , apoptosis regulation (7) , and disease-related proteins (8).
It has been suggested that some protein-protein interactions have evolved to include this coupled folding and binding to separate specificity from the strength of binding, i.e., to allow for many residue-specific interactions at an interface without necessarily having tight binding (3) . This could be of particular utility in signaling pathways that may require more transient interactions. Thus, combining many of the published equilibrium constants (K d s)
for hetero-/homodimeric systems, several of which have been tabulated previously by Huang et al. (9) and Qin et al. (10), show that, on average, systems where one or both proteins undergo substantial folding upon association have significantly weaker binding than those with two structured proteins (p % 0.001) (Fig. 1 A) . It was recently suggested that such a difference in binding strength would most likely be due to a change in the dissociation rate constants (11), and the data presented here show this to be the case. The dissociation rate constants are statistically significantly different between the two groups (p % 0.0001) ( Fig. 1 C) , but the association rate constants are not (p z 0.5, see Methods) ( Fig. 1 B) .
It is imperative to consider the equilibrium constant (relative to the protein concentration) before choosing experimental and fitting strategies. The importance of K d in experimental design is clear in equilibrium denaturation, the standard method for obtaining equilibrium constants for protein folding and homodimer association (12). In Fig. 2 , we illustrate the effect of denaturant (urea) on the formation of a hypothetical two-state dimeric complex with a K d of 0.39 mM and m eq ¼ 1.20 kcal mol À1 M À1 at equimolar concentrations of the two components, between 1 and 40 mM, typical for a biophysical investigation. These equilibrium curves cannot be fit to achieve accurate estimates of the equilibrium constant, because under these micromolar protein concentrations, a significant proportion of the protein is uncomplexed, even at 0 M denaturant (Fig. 2) . Indeed, for a protein with this K d we would need 3.9 mM of each subunit to complex 99% of the protein.
There is now a wealth of data on the thermodynamics of IDP binding, but few kinetic studies. In particular, there are few studies that assess the effects of mutagenesis on the kinetics of binding-analogous to protein folding F-value analysis. Recent studies on the artificial model system, S-peptide and S-protein (13), and various peptides binding PDZ domains (14,15) are likely to pave the way for such studies to begin. In these previous studies, measurements were made in a single set of solvent conditions using pseudo-first-order kinetics. To do a similar study under a number of solvent conditions, in which, for example, denaturant concentration, viscosity, and ionic strength are varied, would be prohibitively time-and protein-consuming. Thus, we sought to find an alternative, more efficient method of data collection and analysis.
Given the typical micromolar equilibrium constants for IDPs and the concentration ranges suitable for biophysical studies, it is likely that under standard experimental conditions, the exchange between dissociated and complexed protein will be observably reversible for equimolar mixing. This means that individual kinetic traces should not be fitted to the standard single-exponential function used in unimolecular protein-folding studies, or to hyperbolic functions used for effectively irreversible association in heterodimeric systems. Such approaches would give incorrect estimates of the association rate constants, which do not properly account for the apparent concentration dependence of the reaction. In the Supporting Material, we review approaches that have been used to investigate reversible heterodimer association, for extracting both kinetic and equilibrium constants. Most groups have utilized pseudo-first-order conditions, and extracted rate constants by conducting experiments at a range of subunit concentrations. In this work, we used an alternative approach. We show, for one IDP system, that estimates for the association and dissociation rate constants, and for the equilibrium dissociation constant for the complex, can be extracted from individual kinetic traces fitted to an equation appropriate for a twostate reversible process. This approach is fully suitable where high-throughput analysis is required, such as in large-scale mutational analyses and condition screening, because it is cost-effective in terms of both time and protein. We note that a significant advantage to using this approach to study two-state association kinetics is the quick access to an estimate of K d for the complex, without the need for high concentrations and/or isothermal titration calorimetry (ITC) equipment. This also allows for K d to be obtained in solutions that are unsuitable for ITC, such as those with high concentrations of denaturant or where higher-order aggregation is an issue. Furthermore, we show that, although unfolding kinetic traces may fit well to single-exponential functions (as might be expected to demonstrate operation A B C FIGURE 1 Literature values of the equilibrium dissociation constant (A), association rate constant (B), and dissociation rate constant (C) for various ordered (open bars) and disordered (closed bars) dimeric complexes are displayed in paired histograms. Complexes between two ordered proteins are, in general more stable, with lower dissociation rate constants. The values used to generate these plots are shown in Table S1 and Table S2 . A detailed description of the statistical methods used for comparing the data sets is found in the Methods. For comparison, the horizontal lines indicate the values determined for the spectrin tetramerization complex in this study, using the reversible model. FIGURE 2 Equilibrium denaturation curve modeled for the spectrin tetramerization domain using values of K d (0.39 mM) and m eq (1.21 kcal À1 mol À1 M À1 ) obtained from the kinetic data. The range of urea concentrations shown is that accessible for the study of the protein-protein association reaction, since above 3 M urea the neighboring a1 domain begins to unfold. Note that under these conditions we never achieved 100% complex or 100% disassociated.
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of an irreversible, first-order process), ignoring the association reaction in this manner can lead to misleadingly high values for the dissociation rate constant (and therefore also to artificially low and high values for the unfolding m-value and K d , respectively). One system with approximately average binding strength (for a disordered protein complex) is the head-to-head dimerization reaction that forms the erythroid spectrin tetramerization domain. Various estimates have been made of the equilibrium constant for the heterodimeric spectrin complex formed by the association of a-and b-spectrin (16-26). These suggest that under the typical concentrations used in biophysical studies the association is relatively reversible, containing a significant back reaction. Fulllength eyrthyroid a-and b-spectrin are large, membranebound, multidomain proteins containing 21 and 16 linked spectrin repeats, respectively. Each spectrin repeat is a folded, 106-amino-acid (aa), three-helix bundle, and the equilibrium stability and kinetics of folding of such domains have been studied extensively (27-32). The long a-and b-spectrin associate to form a 2 b 2 tetramers on the intracellular side of the cell membranes, where they perform a structural role, providing a resilient cytoskeleton that can withstand deformations during circulation (33,34). Many mutations have been reported that affect this critical interaction and lead to disease (16,35). To form the functional tetramer, the a-and b-spectrin associate side to side to form antiparallel ab heterodimers, which then associate head to head to form the a 2 b 2 tetramer. A crystal structure recently obtained (36) demonstrates that the head-to-head interaction involves a dimerization reaction between thẽ 30-aa N-terminus of a-spectrin and the~70-aa of the C-terminus of b-spectrin to form a three-helix bundle that resembles a fully folded spectrin domain. Constructs a0a1 and b16b17 are used in this study, both of which contain the sequence required to form the tetramerization domain (a0 and b17) plus one neighboring, folded spectrin domain (a1 and b16) (Fig. 3) . These constructs undergo the head-tohead dimerization.
Here, we report a complete analysis of the kinetics (and associated thermodynamics) of association of recombinantly expressed human eyrthrocyte a-and b-spectrin constructs that model the formation of the spectrin tetramerization domain using stopped-flow experiments. We show that use of a reversible model to analyze the data gives reliable, reproducible estimates of kinetic and thermodynamic parameters and their denaturant dependence.
MATERIALS AND METHODS
Histograms and statistical analyses of assembled literature equilibrium and rate constants
The histograms were generated from values we found reported in the literature and are not exhaustive (see Table S1 and Table S2 ). Nontwostate results were excluded from the tables. Where multiple estimates had been made for the same protein system, an average was taken. Where multiple mutational analyses had been performed, results were only included for the wild-type proteins. This approach was taken to avoid introducing significant bias into the result. Although bias as a result of the choice of systems reported in the literature cannot be ruled out, this factor might be considered to affect both groups in roughly the same way.
We compared the two groups (ordered and disordered subunits) to find out if the apparent differences in the rate and equilibrium constants were statistically significant. We investigated which statistical tests would be appropriate to compare the groups, as follows: The standardly applied t-test approach was not appropriate in this case, because the data sets are not well described by a normal distribution (according to the Kolmogorov-Smirnov test). The variances of the groups are not statistically significant at the 5% level for either K d (p ¼ 0.095) or kÀ (p ¼ 0.19) according to a Conover test, demonstrating that the Kruskal-Wallis test was appropriate in these cases. Hence, statistical significances between the (log values of the) two groups were tested using the Kruskal-Wallis test, and the resulting p-values, both of which demonstrated statistical significance, are reported in the Results section. The variances of the disordered and ordered groups were statistically significant for kþ (p ¼ 0.0014). However, we obtained very similar p-values using both the Kruskal-Wallis test (p ¼ 0.55), which assumes similar variances between the two groups, and a Welch's t-test (p ¼ 0.54), which assumes normality but is appropriate for unequal populations with unequal variances. We therefore conclude that the difference in association rate constant between the two groups is not statistically significant. All statistical calculations were performed using Mathematica 8.0 (Wolfram Research, Champaign, IL).
Protein expression and purification
Synthetic genes for a0a1 (aI ) and b16b17 (bI 1898-2083 ) were obtained from Genscript USA and inserted into a modified version of the pRSETA vector that encodes an N-terminal histidine tag with a thrombin cleavage site between the tag and the protein. Protein expression was carried out in E. coli C41 (DE3) (37) grown in 2Â TY media at 37 C. Expression was induced once the cells reached an optical density at 600 nm of 0.4-0.6 AU by adding IPTG to a final concentration of 100 mg ml
À1
. The cells were grown overnight at 25 C, harvested by centrifugation, and resuspended in phosphate-buffered saline (PBS) (50 mM sodium phosphate and 150 mM NaCl, pH 7.0). The harvested cells were sonicated and centrifuged, and the protein was purified from the soluble fraction by affinity chromatography on Ni 2þ -agarose resin. Bound protein was removed by thrombin cleavage and further purified by gel filtration using a 26/60 G75 Superdex column (GE Healthcare, Milwaukee, WI). All proteins were stored at 4 C in PBS.
FIGURE 3 Cartoon depicting association of a0a1 (pink) and b16b17 (blue). Cartoon of unbound a0a1 is based on an NMR structure (pdb 1OWA). No structural information is available for unbound b16b17; a representation was made using Swiss-pdb. The cartoon of the final bound complex is based on a crystal structure (pdb 3LBX). The figure was prepared using PyMol.
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Kinetics of complex association and dissociation
Complex association and dissociation were monitored by following the change in intrinsic fluorescence on an SX18 or an SX20 stopped-flow spectrometer (Applied Photophysics, Leatherhead, United Kingdom) upon 1:1 volume mixing. An excitation wavelength of 280 nm was used with a 320 nm cut-off filter, and the temperature was maintained at 25 5 0.1 C. All experiments were carried out in PBS þ 5 mM dithiothreitol, and at least three traces were averaged for a typical measurement. For each association experiment, solutions of a0a1 and b16b17 at equal concentration were mixed. For each dissociation experiment, a solution of a0a1 and b16b17 at 1:1 molar ratio was pre-equilibrated for 2 h before mixing with an appropriate denaturant solution. Kinetic traces from association experiments were analyzed using Kaleidagraph (Synergy Software, Ann Arbor, MI), and unfolding was analyzed with ProFit (Quantumsoft, Tomsk, Russia) with the equations described in the text.
Circular dichroism
Circular dichroism (CD) spectra of each protein mixture in PBS þ 5 mM dithiothreitol were obtained with an AP Photophysics Chirascan CD spectrophotometer at 25 C in a 2-mm-pathlength cuvette.
Fitting kinetics traces
Irreversible association model
For irreversible association described by Scheme 1, and when the total concentration of protein A is equal to that of protein B, the concentration of the complex is ½AB ¼ ½A
as previously described (38), where kþ is the association rate constant, [A] T is the total concentration of A, and t is time. The fluorescence throughout the time course can simply be described by Eq. 1:
where F 0 is the fluorescence of 1 M A þ B, and DF is the change in fluorescence when 1 M of A þ B is converted to 1 M AB. Combining these results, it is clear that the fluorescence throughout the reaction may be described by Eq. 2:
Reversible association and dissociation
According to a reversible model, as described by Scheme 2, where kþ and kÀ are the association and dissociation rate constants, respectively, the rate of complex formation is given by Eq. 3: 
Integration of Eq. 4, evaluation of the integration constant at time zero, and combining Eq. 4 with Eq. 1 leads to Eq. 5, a general equation for describing the system fluorescence in a reversible system, which applies equally for association and dissociation kinetic traces,
where
, and [AB] 0 is the concentration of complex at the start of the reaction. For kinetic traces where the complex was pre-equilibrated before dissociation, the concentration of complex in the syringe ([AB] syr ) was calculated using Eq. 6, where [A] T,syr is the total concentration of protein A in the syringe:
Irreversible dissociation
If complex dissociation is effectively irreversible, then the process can be fit to Eq. 7:
Isothermal titration calorimetry ITC experiments to determine tetramer interaction stability were performed on a VP-ITC from MicroCal (GE). b16b17, 16-50 mM, was titrated 14-20 injections, at 1000-s intervals, of a0a1 (150-600 mM). Protein concentrations were confirmed by absorbance spectroscopy, using a Cary 400 spectrophotometer (Varian, Palo Alto, CA). The injection profile was integrated and the resulting data fitted with a one-site binding model in Origin 7 for MicroCal (Northampton, MA).
RESULTS

Kinetics of association in absence of denaturant
When studying homodimers, it is necessary to displace the equilibrium with temperature or denaturing cosolvents. One advantage of heterodimeric systems is that the kinetics of association can be followed by mixing of the two subunits without having to address these requirements. Consequently, any signal change observed when subunits are mixed is entirely a result of their interaction, without the complication of possible conformational changes in the individual subunits. Association of the heterodimeric spectrin complex was followed by measuring the (tryptophan) fluorescence quenching when a0a1 and b16b17 domains were mixed together in a 1:1 molar ratio in a stopped-flow
spectrophotometer. Under the conditions used (5-40 mM range of protein concentration), the spectrin subunits were seen to associate slowly (Fig. 4 A) , and the data fit poorly to the simple irreversible model (Scheme 1, Eq. 2 (38)), as judged by systematic deviations apparent in the residuals, and by the overall c 2 value for the fit. As described earlier, this is unsurprising; a significant back reaction is expected, given the K d values for almost equivalent pairs of domains of 0.4 5 0.1 mM (16), 1.1 5 0.1 mM (18), and 0.84 mM (25) that have been reported previously. Instead, we considered a reversible kinetic model (Scheme 2, Materials and Methods), where a significant dissociation reaction is also in operation. Here, the time-dependent fluorescent signal is described by Eq. 5, which reflects the reversible nature of the process itself by being equally applicable for describing the dissociation of preformed complex induced, for example, by rapid mixing with a solution of denaturant. In the case of 1:1 molar mixing, this equation may be simplified by identifying [AB] 0 ¼ 0, providing an analogous equation to that used by Wendt et al. for describing the association of a heterodimeric leucine zipper (39). Eq. 5 reduces to Eq. 2 in the limit that kÀ approaches zero. We found that the kinetic traces were well fit by Eq. 5, which contains only four free variables; DF, F 0 , kþ, and K d (the natural variables for association), without the requirement for further fixing. This is in contrast to previous attempts to fit such equations by Wendt et al. (39) and Milla et al. (40) for a homodimeric system, which have required at least one further variable to be fixed (typically DF or F 0 ).
The rate constant for association, kþ, may then be estimated from single kinetic traces. The values of kþ obtained from this fitting method (Fig. S1) were similar for a range of different protein concentrations <kþ> ¼ 650 5 70 M À1 s À1 . Promisingly, the K d values obtained from each individual trace (0.1-0.6 mM) are in good agreement with the equilibrium values obtained in previous studies (16-26) and appeared independent of protein concentration, again in accordance with a two-state mechanism. The dissociation rate constant can be extracted from the association kinetic traces (kÀ ¼ K d kþ), providing estimates of kÀ (<kÀ> ¼ (2.6 5 1.2) Â 10 À4 s À1 ), which are also independent of concentration. Interestingly, the kinetics of association for a similar pair of constructs was investigated using surfaceattached surface plasmon resonance spectroscopy (25). Note that although the reversible fit is significantly better for association, the irreversible (single-exponential) fit is apparently as good for dissociation. However, the fitted parameters from the irreversible fits are concentration-dependent (see Results and Fig. S1 ), indicating that the method is nonetheless inappropriate.
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Association and folding in the presence of denaturant
Denaturants such as urea have been shown to slow the folding and binding of dimeric proteins through the destabilization of partially structured transition states. The two spectrin subunits were pre-equilibrated in the same concentration of urea for 30 min and then mixed in equal amounts. As in the absence of denaturant, the kinetic traces obtained were well fit by Eq. 5 (see, e.g., Fig. 4 B) . The log of the association rate constant was observed to decrease linearly with urea concentration (Fig. 5 A) . It is important to note that the apparent noisiness of the data comes from the fact that each data point represents fitting of an individual kinetic trace. We have included even very low concentration data points in the figure legend to demonstrate that all the resultant parameters are essentially independent of protein concentration. m-values for association (mþ) can be determined from the gradient in these kþ plots (Fig. 5 A) , respectively. Using the well established technique of ITC, we also estimated the equilibrium constant (Fig. S2) as 0.68 5 0.46 mM, in excellent agreement with the value we obtained by fitting the association kinetics traces.
As expected, urea destabilized the final structured complex relative to the dissociated subunits, with ln(K d ) increasing linearly with denaturant concentration (Fig. 5 B) , the gradients suggesting that m eq ¼ 1.20 5 0.03 kcal mol À1 M À1 . As previously mentioned, the fit kþ and K d values can be used to calculate the dissociation rate constant, kÀ (Fig. 5 C) 
Unfolding and dissociation
Dissociation of the spectrin complex was induced by preequilibrating a 1:1 molar mixture of a0a1 and b16b17 in the absence of denaturant for 2 h followed by rapid mixing to varying concentrations of urea. There was an upper limit to the final concentration of urea investigated as, above 3 M urea, the neighboring folded spectrin (a1) began to unfold significantly (data not shown). All unfolding kinetic traces experienced some drift in fluorescence signal and all fits included a linear drift term. Since Eq. 5 can take into account a nonzero initial concentration of complex, it theoretically can be used directly to fit kinetic traces for dissociation as well as association. However, to aid the fitting process, we rewrote the exponential rate constant in terms of kÀ rather than kþ,
. Again, in the limit as kþ approaches zero, Eq. 5 simply reduces to the equation for an irreversible process (Eq. 7). Unfortunately, if left to fit K d and [AB] 0 , the errors on these variables were prohibitively large. The fitting was greatly improved by fixing [AB] 0 and the K d using expected values from the association kinetic traces. Although all data presented were fit using weighted values of K d (H2O) and m eq from all data sets, the quality of fit and the values obtained were relatively insensitive to the folding data set chosen (data not shown). In additional support of the two-state reversible model, the kÀ values and mÀ values from the unfolding data (Fig. 5 C) , which have weighted averages of <kÀ> ¼ (2.61 5 0.16) Â 10 À4 s À1 and <mÀ> ¼ 0.85 5 0.02 kcal mol À1 M À1 , agree very well with those calculated from the folding kinetic traces (Fig. S1, E and F) .
We found that the data for the urea-induced dissociation of the spectrin tetramerization domain also fit surprisingly well to a single-exponential function (with linear drift term), even when a significant reverse (association) rate was expected (Fig. 4, C and D) . However, the rate constants obtained in this manner show poorer linearity with urea and display greater sensitivity to the total spectrin concentration, particularly under conditions where tighter binding is expected, as in the case of lower concentrations of urea (Fig. 5 D) .
DISCUSSION
More complex analysis is required for studying the binding kinetics of two associating proteins at concentrations around their equilibrium constant than for studying effectively irreversible tight binding, but the former has the potential to yield more information. Considering the typical concentration range for biophysical protein-folding studies, together with the average equilibrium constant for disordered protein complexes (Fig. 1 A) , it is clear that this is an area that merits investigation. We have successfully fit the kinetics of such a system, the dimerization of a-and b-spectrin termini to form a folded three-helix bundle known as the spectrin tetramerization domain. Using the unique properties of a reversible second-order system, we fit each individual association kinetic trace to provide concentration-independent estimates of kþ and K d (and kÀ).
All of the data presented here for the heterodimeric spectrin complex are consistent with a two-state model for folding, without a populated intermediate. Aside from the good fits of the data to Eq. 5, the estimated values of kþ (H2O) , K d (H2O) (kÀ (H2O) ), mþ, and mÀ are all independent of protein concentration within error. In general, this would not be expected to be the case if the model were incorrect. An example of this is found in the irreversible fits to the folding and unfolding data presented here, where the values do appear to depend upon the concentration employed in the experiment. In addition, the K d we obtained from our fitting matched very well with that from the well established equilibrium technique of ITC. Both estimates are also close to that obtained for a very similar pair of spectrin domains by Gaetani et al. (16) (0.4 5 0.1 mM at 23 C). The linear dependence of ln(kþ) on denaturant concentration, as is typically found in monomeric protein folding, has also been seen previously for the association of both homodimers (12) and heterodimers (41). It has been shown empirically that the kinetic and equilibrium m-values are linearly related to the change in solvent-accessible surface area (DSASA) between unfolded and folded states (42,43). In the dimerization reaction, it is difficult to distinguish whether the urea dependence of the association rate is due to the denaturant-destabilizing structure formation in the transition state (as for monomeric protein folding), or to the denaturant-favoring conformations in the individual subunits that are less competent to associate. The magnitude of the experimental m-value can be used to assess the degree of structure formation upon association. Using the GETAREA (44) algorithm, and the crystal structure for the bound complex (pdb 3LBX), it is possible to calculate an estimate for DSASA upon dissociation, keeping all helices intact. The calculated value of 4212 Å 2 was used to estimate the m-value for this dissociation (42), 0.82 5 0.04 kcal mol À1 M À1 . This is significantly lower than the experimental weighted average of <m eq > ¼ 1.21 5 0.03 kcal mol À1 M À1 and suggests that the final dissociated subunits have some loss of helical character to account for this exposure of surface area. The experimental value of m eq is similar to the values obtained from the unfolding of isolated spectrin domains R15 (1.8 5 0.1 kcal mol
, and R17 (2.0 5 0.1 kcal mol À1 M À1 ) determined by equilibrium denaturation (29). Also, we may be confident that there is some significant folding taking place during the association reaction, since the a-helical content is increased in the complex compared with the individual subunits according to circular dichroism measurements (Fig. S3) . The dimerization of the spectrin tetramerization domain can therefore be justifiably classified as a coupled folding and binding process.
The association rate constant of the spectrin domains (630 M À1 s À1 , an order of magnitude faster than that determined using surface plasmon resonance spectroscopy, where the interactions take place on a surface) is notable in itself. The association is markedly slower than a purely diffusion-limited reaction, which we would expect to be in Biophysical Journal 103(10) 2203-2214 the range of 10 5 -10 9 M À1 s À1 (45-47), even when electrostatics and orientation are taken into account (estimated at 4 Â 10 5 M À1 s À1 using the TransComp web server (10) based on the crystal structure of the tetramerization domain (36) (pdb 3LBX). It is also lower than most previously recorded values for other homo-and heterodimers, which can range from 10 2 -10 10 M À1 s À1 (Fig. 1 B) (9,12) . Using our data, it is not possible to distinguish between the proposed mechanisms of association for IDPs, that is, induced fit or conformational selection (48). This slow association may reflect the presence of a significant folding event (and, therefore, energy barrier) between the relatively unstructured subunits and the final associated domain. Alternatively, a specific orientation of the two subunits or particularly low-population conformation in one or both of the subunits may be required for a productive collision. It is interesting that, given the importance of maintaining the integrity of red blood cells, Nature would evolve a pair of proteins for which the association rate constant is abnormally slow and, consequently, binding is relatively weak. The importance of this interaction in vivo is manifested by the fact that most mutations of spectrin domains that are related to hereditary hemolytic anaemias are associated with this tetramerization site (16). In vivo, these proteins are bound to the membrane, which perhaps accelerates their association by positioning the proteins in an orientation favorable for binding. Favorable side-to-side interaction between the full-length spectrin domains was not considered here (22). Furthermore, it is not clear what exactly the effective concentration of these domains is within the context of the membrane, so it is difficult to interpret the equilibrium constant in this case. Perhaps this result highlights the limitations of studying some interactions outside of their cellular context. Alternatively, it has been suggested that this weak binding could have a functional role in the unusual deformability of the erythrocyte cell membrane (34). We note that the association of nonerythroid spectrin results in a significantly stronger complex and faster association kinetics (25).
Reflecting the reversible nature of the process, the same equation as that used for association was used here to describe the dissociation of preformed spectrin complex, induced by dilution into denaturant. This provided estimates of the dissociation rate constant and its linear response to denaturant that were consistent with those from the association reaction, in good support of a two-state reversible model for the interaction. Unfolding of similar homo-and heterodimeric complexes is often fit to single-exponential decay functions appropriate for effectively irreversible systems (Eq. 7). We found that this method could obtain comparably good fits to the individual kinetic traces, although the estimated dissociation rates were not concentration-independent and did not match well with those estimated from the association experiments. In fact, detailed inspection of Eq. 5 shows that fitting with the irreversible model will always overestimate the dissociation rate constant, to an extent that depends on the relative sizes of K d and protein concentration. This highlights the need to exert caution when using a simple single-exponential fit for unfolding data of dimeric systems, since kÀ values may deviate from actual values while retaining a reasonable fit.
CONCLUSIONS
Here, we show that by deliberately working at protein concentrations near the K d , where association and dissociation reactions are highly reversible, kinetic and thermodynamic parameters can be determined from individual kinetic traces with confidence. This may prove to be a useful method for systems with low binding affinities, such as the binding of IDPs, and this has been demonstrated for the coupled folding and binding of the spectrin tetramerization domain. Provided that the system is demonstrably two-state, the approach described here for obtaining equilibrium constants can provide a convenient alternative to ITC and equilibrium denaturation (49). It requires only stoppedflow apparatus and avoids the requirement for high protein concentrations that may be experimentally inaccessible where higher-order aggregation is an issue. 
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